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Xiu-Lei Rcn, l 2,3 ’El E. Oset, 2, 0L. Alvarez-Ruso, 4 @ and M. J. Vicente Vacas 2 f! 

1 School of Physics and Nuclear Energy Engineering & International Research Center 
for Nuclei and Particles in the Cosmos, Beihang University, Beijing 100191, China 
2 Departamento de Fisica Teorica and IF1C, Centro Mixto Universidad de Valencia-CSIC, 

Institutos de Investigacion de Paterna, Apartado 22085, 46071 Valencia, Spain 
2 Institut de Physique Nucleaire, IN2P3-CNRS and Universite Paris-Sud, F-91406 Orsay Cedex, France 
4 Instituto de Fisica Corpuscular (1F1C), Centro Mixto Universidad de Valencia-CSIC, 

Institutos de Investigacion de Paterna, Apartado 22085, 46071 Valencia, Spain 

We have studied the strangeness changing antineutrino induced reactions vip —> l + <j>B , with <j>B = K~p , 
K°n, 7t°A, 7r°S°, p A, p E°, 7r + £~, 7r~E + , K + E~ and K° E°, using a chiral unitary approach. These ten 
coupled channels are allowed to interact strongly, using a kernel derived from the chiral Lagrangians. This 
interaction generates two A(1405) poles, leading to a clear single peak in the 7rE invariant mass distributions. 
At backward scattering angles in the center of mass frame, v^p —> /r + 7r 0 E° is dominated by the A(1405) state 
at around 1420 MeV while the lighter state becomes relevant as the angle decreases, leading to an asymmetric 
line shape. In addition, there are substantial differences in the shape of 7rE invariant mass distributions for the 
three charge channels. If observed, these differences would provide valuable information on a claimed isospin 
1=1, strangeness S = — 1 baryonic state around 1400 MeV. Integrated cross sections have been obtained for 
the 7 tE and KN channels, investigating the impact of unitarization in the results. The number of events with 
A(1405) excitation in v^p collisions in the recent antineutrino run at the MINERVA experiment has also been 
obtained. We find that this reaction channel is relevant enough to be investigated experimentally and to be taken 
into account in the simulation models of future experiments with antineutrino beams. 


I. INTRODUCTION 


The A(1405) resonance is a cornerstone in hadron physics, challenging the standard view of baryons made of three quarks. 
Long ago it was already suggested that the A(1405) could be a kind of molecular state arising from the interaction of the ttE and 
KN channels Jill. This view has been recurrent @], but only after the advent of unitary chiral perturbation theory (UChPT) 
has it taken a more assertive tone |4 9|. In this framework, a kernel (potential) derived from the chiral Lagrangians is the input 
into the Bethe-Salpeter equation in coupled channels. Sometimes the interaction is strong enough to generate poles, denominated 
as dynamically generated states, which can be interpreted as hadronic molecules with components on the different channels (see 
Ref. 0 for a review). 

It came as a surprise that UChPT predicts two A(1405) states @], studied in detail in Ref. jb)]. Two poles appear, one 
around 1420 MeV with a width of about 40 MeV and another one around 1385 MeV with a larger width of about 150 MeV. 
These findings have been reconfirmed in more recent studies with potentials that include higher order terms of the chiral La¬ 
grangians M. From the experimental perspective, the old experiment s ||~i~8l . in produced 7 tE invariant mass distributions 
where a single A(1405) peak is seen around 1405 MeV. According to Ref. |20], this single peak results from the overlap of the 
two pole contributions. It has also been suggested that reactions induced by K~p pairs show a peak around 1420 MeV because 
the pole at 1420 MeV couples mostly to KN, while the one at 1385 MeV does it more strongly to 7r£. This would be the case 
of K~p -A 77 tE m and K~p -A 7r 0 7r°E°. The latter one, measured at Crystal Ball ll22ll and analyzed in Ref. ll23ll . confirmed 
the existence of the state at 1420 MeV. Another reaction that has proved its existence is K~d -A mrT, ||24| ], which was studied 
in Ref. |25|. The issues raised in Ref. l(26il were addressed in detail in Ref. lt27ll reconfirming the findings of Ref. [25]. 

It is somewhat surprising that the two poles emerge in the theory even when only data on K~p scattering and K~p atoms li28tl . 
which are above the A(1405) pole masses, are fitted. Nevertheless, it is clear that the best information on the A(1405) properties 
should come from processes where the A(1405) is produced close to its pole masses. In this sense, the abundant A(1405) 
photoproduction data obtained by CLAS with the 7 p -A K + tt + T,~, iC + 7 r°E°, AT + 7 t - E + reactions |29] add much information 
to the earlier data of Ref. 0, bringing new light into the subject. A fit to these data imposing unitarity in the 7 tE, KN channels 
and allowing only small variations in the kernel of the chiral Lagrangians l3ll [32ll has reconfirmed the existence of the two poles, 
in agreement with the UChPT predictions. The wide range of energies investigated and the simultaneous measurement of the 
three 7 tE charged channels were the key to the solutions found in Refs. 1 I 3 TI [ 32 II and, more recently, in Ref. lf33tl . 
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Studies of pp —> p K + A(1405) performed at ANKE show again a superposition of the contributions from the two poles I3 l, 
and can be explained with the theoretical framework of UChPT |p5 j]. More recent measurements [36j,[37] show the A(1405) peak 
at a lower energy than in the ANKE experiment 13. Some reasons for this behavior have been su gges ted in Ref. [ 37 J . If more 
data for this reaction on different conditions became available, a global analysis like the one of Ref. lull. 1321 for photoproduction 
would be advisable. In between, A(1405) electroproduction 138.] data [ep —> e'K + A(1405)] have unexpectedly revealed a 
two-peak structure, albeit with large uncertainties. Previous measurements with different reactions have only observed a single 
peak coming from the superposition of the two poles, with different shapes depending on the weight of either pole, as determined 
by the dynamics of each process. 

Lattice QCD simulations have also brought new light into the A(1405) properties. Using three-quark interpolators, a state 
associated with the A(1405) is produced 139j,|4Q|]. The vanishing strange quark contribution to the A(1405) magnetic moment 
for light quark masses close to the physical ones has been interpreted I14ll[42ll as an evidence of a large KN component in the 
wave function of the A(1405). Further work along these lines was reported in Ref. [ 43 ] using synthetic lattice results from KN 
and 7 tE interpolators. These lead to the right description of the meson-baryon amplitudes in the continuum and contain the two 
poles in the complex plane. 

Until now, the weak excitation of A(1405) has never been investigated. It is remarkable that while its production in strong and 
electromagnetic processes has to involve an extra strange particle (usually a K~ in the initial state or a K + in the final one), the 
direct excitation of A(1405) induced by antineutrinos Dip —> ( + A(1405) is allowed although Cabibbo suppressed. Notice that 
in A(1405) photo and electroproduction there are line shape distortions due to final state interactions between the K + and the 
A(1405) decay products, which are absent in the weak reaction. 

Stimulated by the precision needs of neutrino oscillation experiments, there is a significant ongoing effort aimed at a better 
understanding of neutrino cross sections with nucleons and nuclei. The goal is to develop better interaction models to reduce 
systematic errors in the detection process, constrain irreducible backgrounds and achieve a better neutrino energy determination!]] 
In the recent past, several experiments have produced valuable cross section measurements (see Ref. |44j] for a comprehensive 
review of the available data). The MINERVA experiment | 45], 4jjJ] at FNAL, fully dedicated to the study of neutrino interactions 
with different target materials has recently completed data taking and started to produce interesting results 13 - 13 . 

In the few-GeV energy region, where several of the current and future experiments operate, quasielastic scattering and single 
pion production have the largest cross sections but strange particle production is also relevant. The charged-current A S = — 1 
quasielastic hyperon (Y = A, E) production by antineutrinos has been investigated iBH - EsI l and found to be a non-negligible 
source of pions through the Y ^ N 7 r decay 11511 15411 . Among the inelastic processes, associated (AS = 0) production of K 
and E or A baryons is the dominant one but has a high threshold. Below it, single K (AS = 1) and single K (AS = — 1) 
can be produced in charged current interactions induced by v and v respectively. These processes have been recently studied 
using SU(3) chiral Lagrangians at leading order I3l3l . The weak hadronic currents and the corresponding cross sections at 
threshold are constrained by chiral symmetry with couplings extracted from pion and hyperon semileptonic decays. As stressed 
in Ref. J3, while the derived K production cross section is a robust prediction at threshold, the situation could be different for 
K production due to the presence of the A(1405) resonance just below the KN threshold. Another, so far unexplored, AS = — 1 
reaction that can occur below the associated production threshold, Dip -0 l + E tt, is bound to get an important contribution from 
A(1405) excitation. 

Here we report the first study of the antineutrino induced reactions Dip —> l + <pB with (f>B = I\~p, K°n, 7 r°A, 7 t°E 0 , r/A, 
p E°, 7 t + E“, 7t“E + , I\ +, Er , A'°S° in coupled channels, paying special attention to the role of the A(1405). In Sect. HI1 we 
describe the theoretical framework. The results are presented in Sect.|III]followed by our conclusions. 


II. THEORETICAL FRAMEWORK 


A. Effective Lagrangians 


At tree level, the process Dip —»• l + (j>B , with 0 and B being the meson and baryon in the final state, proceeds as depicted in 
the diagrams of Fig. [I] There are also baryon-pole terms (see Fig. 1 of Ref. [56}]) which contribute predominantly to the p-wave 
state of the cf>B system. Since our aim is to generate the A(1405), which appears in oB s-wave, we neglect these terms. 

All mechanisms in Fig. |T] consist of a leptonic and a hadronic currents that interact via the exchange of a W boson. The 
leptonic part is provided by the Standard Model Lagrangian 


C = 


9 

2V2 


V’i'Tu]! - 75 )^iW^ + %/n 7^(1 - 75)t/v 


(1) 


1 Neutrino beams are not monochromatic so that the incident energy is not known for single events. However, oscillation probabilities are functions of this a 
priori unknown quantity. 
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FIG. 1. Feynman diagrams for the process vip —> 1 + 4>B. (a) denotes the kaon pole term (KP), (b) represents the contact term (CT), and (c) 
stands for the meson (</>") in-flight term (MF). 


where if) v , 'ipi and W denote the neutrino, charged lepton and gauge boson W fields, respectively; g is the gauge coupling, related 
to the Fermi constant by Gf = V^g 2 / {8M^) = 1.16639(1) x 10 -5 GeV~ 2 . 

The hadronic current is derived from chiral Lagrangians I158l460ll at leading order. As mentioned above, in this work we are 
only concerned about the s-wave contribution. In the meson sector, required for CT and MF diagrams, the lowest order SU(3) 
Lagrangian is given by 


4° = %D^U(D»U)l) + -f( x u t + Ux f ), (2) 

where (...} stands for the trace in flavor space; Fq is the pseudoscalar meson decay constant in the chiral limit. The quantity 
X = 2BqM, with the quark-mass matrix A4 = diag (m u ,m d ,rn s ), represents the explicit breaking of chiral symmetry. The 
function U = exp (iff)/F q) is the SU(3) representation of the meson fields 


/ 7r° + -^r] \Z2w + v/2 K + \ 

$ = y/2F~ - 7 T° + \/2K° 1 , 

V V2K° -fo) 

and its covariant derivative D^U can be written as 

DfJJ = d^U - ir^U + iUl,j, 

where l lt and r /t correspond to left- and right-handed currents. For the charged current weak interaction 

r M = 0, l^j=(W^ + + W^), 

with 



fo 

v ud 

v ue \ 

( 0 

0 


T+ = 

0 

0 

o 

I 4 

II 

Vud 

0 

0 



0 

0 ) 

^ Vus 

0 

oj 


( 3 ) 


( 4 ) 

( 5 ) 


( 6 ) 


Here, V l; j are the relevant elements of the Cabibbo-Kobayashi-Maskawa matrix. Their magnitudes are V ar j = cos 6 C = 
0.97425 ± 0.00022 and \V US \ = sin6» c = 0.2252 ± 0.0009 0, with 9 C the Cabibbo angle. 

The lowest order chiral effective Lagrangian describing the interaction between the octet of pseudoscalar mesons and the octet 
of baryons can be written as 


4 b = {B{0 - M b )B) + j(Br^{Ufj,B}) + ^(B'f'y^B]) 

with the baryon fields arranged in the matrix 


D , - 


F 


l 7f s ° + A 


B = 


£+ 


P 


-7f S ° + 7i A - 

^ A 


( 7 ) 


V 


^0 


( 8 ) 
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Mb denotes the baryon octet mass in the chiral limit; D = 0.804 and F = 0.463 are the axial-vector coupling constants, which 
are determined from the baryon semi-leptonic decays 1621. The covariant derivative of the baryon field is defined as 

D ll B = d li B+\T li ,B], (9) 


^ {^(Sp ~ ir v) u + - iinW) 


and Up is given by 


where u = y/U. 


Up = i {u^Sp - *rp)u - u(<9p - *^p)u t } , 


( 10 ) 


( 11 ) 


B. Chiral Unitary Theory 

As discussed in the introduction, the A(1405) is dynamically generated by the interaction of S = — 1 s-wave meson-baryon 
pairs in coupled channels. This can be achieved by solving the Bethe-Salpeter equation with the interaction potential provided by 
the chiral Lagrangian of Eq. (Q. In the diagrams of Fig.|U the outgoing meson and baryon can interact producing the resonance. 
Therefore, one must consider the diagrams depicted in Fig. [2] The solid square in the figures represents the different Tij^on 
amplitudes, where the pair of indices ij = K~p 1 K°n , 7 t°A, 7 r°S°, r/A, p S°, 7r + S _ , 7 t _ E + , 7T + S _ , AT 0 S 0 denote any of 
the ten allowed channels. 




FIG. 2. Iterated loop diagrams for v^p —> fi + <j>B. The solid boxes represent the T matrix of the ten coupled channels. 


Following the approach of Ref. f5}| for the strong interaction in the S = — 1 sector, 

T = V + VGT = [1 - VGj-'V, 


where the lowest-order interaction amplitude V, extracted from the lowest order chiral Fagrangian is given by 




V H = -Cij^2(k 0 + k'°) 


( 12 ) 


(13) 


after a nonrelativistic reduction. Here, k° and k'° are the energies of the incoming and outgoing mesons in the oB center of 
mass (CM) frame; Fq has been replaced by the average value of the physical decay constants F ( j, = 1.15 with f v = 93 MeV 
as in Ref. 0]. The 10 x 10 matrix of coefficients C, :j can be found in Table 1 of Ref. JD]. 

The meson-baryon loop function GV, is given by 


Gij — i 


d A q Mj 


1 


1 


(27t) 4 Ej(q ) k° + p° — q° — Ej(q ) + ie q 2 — mf + it ’ 


d 3 q 


M, 


(2n) 3 2 uij(q) Ej(q ) p° + k° - Ui(q) - Ej(q) + ie 


(14) 


where rrii, Mj are the physical meson and baryon masses of the ij state while Wj = (mf + q 2 ) 1/<2 , Ej = (Mj + g 2 ) 1 / 2 are the 
corresponding energies. It is a function of the CM energy Mj nv = p° + k°. In Ref. H , the loop function is regularized with a 
cutoff g max = 630 MeV. 
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C. Cross section 


The reaction under consideration is 


n{kp) + pip) l + {h) + 4>{k') + B(p'), (15) 

where kp = (kp, kp ) [ki = (k 3 , fc;)] is the 4-momentum of the incoming neutrino [outgoing charged lepton] while p = ( E p ,p ), 
p' = ( E[j. fi') and k! = (w^, k') denote the momenta of the initial proton, final baryon and final meson, in this order. Its cross 
section is given by 


2 Mpirip 


d 3 ki mi 
(27r) 3 


d 3 k' 1 
(27t) 3 2 


dV M b 
(27t) 3 Eb 


(2tt) 4 5 4 (p 


kp 


h - &' -p')5Zl*! 2 > 


(16) 


where A (a;, y, 0 ) = a: 2 + y 2 + z 2 — 2xy — 2 xz — 2 yz and s = {p + kp) 2 \ ^ denotes the sum over final state polarizations and 
average over the initial ones. It is convenient to perform the integrals over p' and k' in the &B CM frame, taking advantage of 
the fact that the amplitude is projected onto the s-wave state of the (j)B pair. The last integration over ki is carried out in the 
global ( Dp ) CM frame. We obtain 


2 mpmiMpMs f +1 , „,r, ,r„ ,2 

0 = ^-T7 —\ dM iav dcos9\ki\p p \k UbE^| 2 , 


(27r) 3 - M 2 ) 

where 9 is the angle between fcj and kp in the Dp CM frame. In Eq. 1 ] 1 7[ i 


A 4 / 2 ( S ,m 2 ,M 2 nv ) _ A 4 / 2 (M£ v ,m 2 ,M 2 ) 


2yfs 


\k'\<j> b = 


2 M\, 


(17) 


(18) 


are the charged-lepton momentum in the vp CM frame and the meson momentum in the 0 B CM frame, respectively. 


D. Invariant amplitude 

In the (ki — kp) 2 = q 2 <C M ^ limit, the amplitude can be cast as 

- it = 2 G F V us L^Hp , 

where the leptonic current is 

= u(fc p )7 M (l - 7 5 )u(A:;) 

while the hadronic current 

Hp = u{p')Tpu(p) 

is determined by the sum of the following contributions 
• KP (vector) 


(19) 


( 20 ) 


( 21 ) 


fKP _ 1 77’ __ rp 

^ “ 2 F *q*-m 2 K _ + i e TK ~P^ B - 


( 22 ) 


Note that in Fig. |2](a), the sum over the intermediate states <j>' B' produces the K p —> <pB f-matrix element by virtue of 

Eq.na 

• CT (vector plus axial) 


r CT(y) __ 

M 4 F A 


r CT(A) __ 

M 4 F A 


+ E C%l,G^B'T^B'^B 




7 ^ 7 5 + E CFl'rrfGpB'TpB'^B 

<j>'B' 


(23) 


( 24 ) 
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The coefficients and c¥g are tabulated in Tableland Table [TT] respectively. The loop function is given by 


G^'b' = i 


dH 


(27r) 4 l 2 - m?, +iep + d- / - M B > + • 


• MF (axial) 


pMF _ 

1 M 


4v/2F^ 


Y^ r* n (2fc' - - q)vYl 5 , V" z-» ^ t, 

2^O0//0C0»b {k'- q) 2 -m 2 „+ie + 2^ G^'^L^'B’G^^.pd^B'- 


■ <j>B 


(f)' <f>" B' 


(25) 


(26) 


where <j>" denotes the internal meson in the tree level diagram (c) of Fig. Q] In most cases, only one type of meson can be 
exchanged but it happens that both 7r° and rj are allowed intermediate states. The G 1 ^,^, n , function is given by 

G **' b ' = * / W {21 ~ ^ {l ~ ^ 71/75 1 2 - m|, + tc (Z - 5 ) 2 - ml„ +Kf-t + t-M B >+ie ^ 

Finally, coefficients C ( p 1 < j , 2 and are tabulated in Table UTT1 and Table IIVI respectively. 


r (V) 

t)B 

p 

n 

A 

E° 

E+ 

K~ 

2 

0 

0 

0 

0 

K° 

0 

1 

0 

0 

0 

n° 

0 

0 

V3 

1 

0 

V 

0 

0 

3 

2 

V3 

2 

0 

7T~ 

0 

0 

0 

0 

1 


TABLE I. Coefficients appearing in the CT contribution to the hadronic current [Eq. 123H . 


bB 

p 

n 

A 

E° 

E+ 

K~ 

-2 F 

0 

0 

0 

0 

K° 

0 

~{D + F) 

0 

0 

0 

tt ° 

0 

0 


1 (D-F) 

0 

V 

0 

0 

-i(D + 3F) 

^( D-F ) 

0 

7V~ 

0 

0 

0 

0 

D-F 


TABLE II. Coefficients C^ appearing in the CT contribution to the hadronic current [Eq. d24H. 



K~ 

K° 


V 

7r 

n° 

1 

0 

0 

0 

0 

V 


0 

0 

0 

0 
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0 

-1 

0 

0 

0 

K+ 

0 

0 

1 

V2 

I~3 

V 2 

0 

K° 

0 

0 

0 

0 
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TABLE III. Coefficients C,f, 1( j >2 appearing in the MF contribution to the hadronic current [Eq. l !26H . 

The hadronic current presented above does not take into account the q 2 dependence of the weak interaction vertices, which is 
poorly known. Following Ref. [fsbh . we have parametrized this dependence with a global dipole form factor 

= <28) 

that multiplies all the terms in H M . Up to SU(3) breaking effects, the value of the axial mass My should be similar to the one 
in electromagnetic and axial nucleon form factors. Therefore, as in Refs. [55, 56] we have adopted Mp ~ 1 GeV, accepting an 
uncertainty of around 10 %. 
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C (pB 

V 

n 

A 

s° 

£+ 

7T° 

D + F 

0 

0 

0 

0 

V 

-73^- 3i? ) 

0 

0 

0 

0 

7T + 

0 

\p2(D + F) 

0 

0 

0 

K+ 

0 

0 


D-F 

0 

K° 

0 

0 

0 

0 

V2 (D-F) 


TABLE IV. Coefficients C^b appearing in the MF contribution to the hadronic current [Eq. d26H . 


E. Non-relativistic reduction of the invariant amplitude 

Because we only focus on the small momenta of the pB components creating the A(1405), we can perform a non relativistic 
reduction, which was also used in the description of the cj>B amplitude in coupled channels of Ref. fH]. For the CT we get 


-*t° t ^)=~( 2 GfVus ) L ° 

4 r & 


c. 


(V) 


-r E 

4>'B' 


-*i CT(A) = + J_ (2G fVus )(L ■ 3) 

4-Z _/ A) 


C\ A B + E d&'G'vvTvB'^B 


where the loop function, after removing the baryon negative energy part, becomes 

G \ = f 1 Mb ' _I_ 

*' B ' J (2tt)3 2UV (f) E b > (f) M inv - w# (f) - E b > (f) + ie ' 

After the non relativistic reduction, the MF contributions can be written as 

1 


•jMF_ 1 v jy 1 /! r - L°(2k' - q)° + L ■ q 

4 V2F, (2GfKs) ) E G W C *" B ^ {k > _ q) 2 _ m 2 + ic 


cj)' <fi" B' 


where the loop functions are 


and 


(1 ) = f d 3 l 1 M b > P 

J (2t r) 3 W0 ,(f) W0 (f- cf) E b ,{T) 3 


- g) + W0/(Z) 


oj^I - 3 ) + E B i(l)—p° 

1 1 

X -=-=;-=-=--- 

M inv - E B i( 1 ) - W0'(/) + *ep° - E B i( 1 ) - ui^l - q)+ie 

1 1 

X—-=;-=--=---=;--- , 

q° Euj^I - q) + tcy(Z) - ieupil) - q° +W0(Z — q) — ie 

^(2) _ [ d 3 l 1 M B i f |- tT > A , ,. m 

7 (2tt) 2cv<i > '(1)u) < i > (1 — q) E B >( 1 ) [ L 

+ w^(Z - £) + uy(Z) E B >(l)-p° — <f > u) ( j ) i (l 


1 


1 


M inv - E B f(l) - W 0 /(Z) + *ep° - E B i( 1) - — q)+ie 

1 1 


< 7 ° + u<p(l - q) + W 0 /( 7 ) - ieuj^(l) - g° +W 0 (Z — q) — ie 

The quantities with tilde are defined in the pB CM frame. 


(29) 


(30) 


(31) 


(32) 


( 33 ) 
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HI. RESULTS 


Throughout this section, the results are presented for the muon flavor l = /j. The A(1405) can be observed in the invariant 
mass distribution of 7tE pairs that has its threshold below the peak of the A(1405) states. The cleanest signal for 1 = 0 A(1405) 
production appears in the 7r°E° channel because I = 1 is not allowed. In Fig. [3] we show da/dM\ nv for 7r°E° production 
at three different laboratory energies, E p = 900, 1100, and 1300 MeV. We can clearly see the resonant shape of the A(1405) 
at all the energies. Note that, in spite of the two poles, there is a single peak. This is common to all the reactions, with the 
exception of electroproduction [ 38], where the data are still relatively poor. Only the different weight of the two poles makes the 
peak appear at different energies in different processes. In the present case the distribution peaks around 1420 MeV indicating 
that there is more weight from the pole at 1420 MeV or, in other words, that the A(1405) production induced by the K~p is 
dominant. To gain further insight into the interplay of the two poles of the A(1405) resonance in this reaction, we have looked 



FIG. 3. (color online). Differential cross section for the reaction —>• fi + 7r°E° as a function of the invariant mass M\ nv of the final meson 

baryon system for three different incident antineutrino energies. 

at the line shapes of the double differential cross section d 2 cr/ (dM lnv d cos 6) for different values of the 0 angle between the 
initial /7 /( and the final /j + in the Dp CM frame (Fig. ED- When 9 increases, so does \q 2 \, and the form factor causes a reduction 
in the cross section. To compare the shapes we have normalized all curves to the same area by multiplying the cross section at 
cos 9 = 0(—1) by 3.4(14). In the backward direction, the distribution clearly resembles a single Breit-Wigner with a mass and a 
width remarkably close to the values of the heavier pole of the A(1405). It is this pole that appears dominant at this kinematics. 
As 9 decreases, the presence of the lighter state becomes more evident with larger strength accumulating below the peak, which 
is shifted towards smaller invariant masses. The line shape becomes asymmetric but the second state never shows up as a peak 
in the cross section. 

It is also very interesting to consider da/dM- lnv for the three charged channels 7r°E°, 7t + E” and 7t“E + . This is shown in 
Fig. [5] The peak position for the different reactions is slightly shifted, but the largest differences are present below the maxima. 
This is due to the contribution of an I = 1 amplitude which adds constructively or destructively depending on the channel |f32f| . 
It was also shown in Ref. 132] that A(1405) photoproduction data hint to a possible 1 = 1 state around 1400 MeV, which appears 
in some approaches 0 ] but is at a border line in others 0 . In the work of Refs. [ 63ll64}l . the existence of such 1 = 1 state is 
claimed from the study of the K~p -a A7r - 7r + reaction. The large differences seen in the cross sections for the three 7rE 
channels in the present reaction indicate that they are indeed rather sensitive to the 1=1 amplitude and, thus, there is a potential 
for the extraction of information on the possible 1=1 state. 

In Fig. [6] we show now the integrated cross sections for 7r°E°, n E + , and 7t + E production. We observe a steady growth 
of the cross sections with the antineutrino energy. These cross sections are largely driven by the A(1405) resonance. Indeed, in 
Fig E] both tree level and full model cross sections are shown. We observe that the contribution of the meson-baryon rescattering 
has a drastic effect in the results. The case of the 7T+E - channel is the most spectacular because the tree level contribution is 
exactly zero. 

We have also investigated the A'-nucleon production reactions. Note that in this case the threshold energies, y/s = m K + 
M p = 1430 MeV and m^o + M n = 1437 MeV, are already above the A(1405) peak. Thus, we do not plot da/dM- lnv in this case 
and show only the integrated cross section as a function of energy. These are shown in Fig.[7]for K~p and in Fig. [8]for K°n. 
As can be seen in the right panels of Figs. l7l8l unlike the 7tE production case, the cross section is not increased by the resonance. 
On the contrary, the fast fall down of da/dM- lnv close to the K~p threshold, seen in Fig.[3]for 7tE, reflects the similar trend of 
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M. [GeV] 

inv L J 

FIG. 4. (color online). Area normalized double differential cross section for v^p —> fi + n°T,° at E = 1 GeV, as a function of Mi nv for three 
different values of the angle ( 6 ) between the incoming neutrino and the outgoing muon in the reaction CM frame. 



M inv [GeV] 


FIG. 5. (color online). Invariant mass distribution for the three charge channels: 7r°E° (solid line), 7r E + (dashed line) and 7r + E (dot-dashed 
line). The incident antineutrino energy is E& = 1 GeV. 


the t matrix which is common to all the channels. This affects the K -nucleon production cross sections, most noticeably for 
K°n, the channel with a larger threshold. These unitarization effects were absent in the calculations reported in Ref. [56]. There 
are other differences between the present study and the one of Ref. lf56h . First, here we have used the average F a = 1.1 5f v , for 
consistency with the value taken in the study of <pB scattering H (see Sec. Ill Bl) . instead of in Ref. [56]. This leads 

to little smaller cross section with respect to those of Ref. 15611 . Furthermore, the p-wave contributions considered in Ref. [56|l 
but not here make the cross sections bigger as one departs from threshold. Finally, the non relativistic approximation becomes 
poorer for the higher energy and momentum transfers that can be probed as the reaction energy increases. As an example, the 
CT contribution here is about 30% lower than in Ref. ll56tl at E D = 1200 MeV and about 40-45% smaller at E„ = 2000 MeV 
(after correcting for F$). For better precision, one should restrict to smaller antineutrino energies or implement kinematic cuts 
to keep q° and \q\ small compared to the nucleon mass. 

In the K~p channel, the largest contribution arises from the CT mechanism (left panel of Fig. [ 7 }. in line with Fig. 3 of 
Ref. f56il . In the K°n channel, instead, the MF contribution becomes increasingly larger than the CT above F v = 1200 MeV 
(left panel of Fig. [8}, in variance with Fig. 5 of Ref. [56]. Nevertheless, it should be mentioned that our predictions for KP, CT 
and MF terms converge to those of Ref. II56II in the heavy-nucleon limit. 
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FIG. 6. (color online). Cross sections as a function of the antineutrino energy for the three D^p —> p + nT, reaction channels. The three upper 
curves have been obtained with the full model while the two lower ones with tree level contributions alone. The later is absent for the 7 t + E~ 
channel. 



C 




FIG. 7. (color online). Integrated cross section for the u^p —> p + K~p reaction as a function of the antineutrino energy. Left panel: 
contribution of the different terms to the full model result. The KP contribution is negligible and cannot be discerned in the plot. Right panel: 
comparison between the full model and tree level calculations. 


A. A(1405) production at MINERVA 

One of the goals of the MINERVA experiment is to study weak strangeness production |46]. It is therefore important to obtain 
the number of events in which the A(1405) resonance is primarily produced during the antineutrino run. Let us consider the 
process D^p —> /.OttE. The number of events for a given invariant mas of the 7 tE pair is 

m~ = !MN A j d E,HE,)^S-(E c) . (34) 

The differential cross section is averaged over the antineutrino flux </>(£)>). The flux prediction, in units of D/cm 2 /POT, for 
the low-energy configuration is taken from Table V of Ref. 0. The present estimate corresponds to a number of protons on 
target of iVpoT = 2.01 x 10 20 in D mode, neglecting the small D e component in the beam of muon antineutrinos. Although the 
MINER;/A detector is made of different materials, here we consider only the scintillator (CH). In this case the proton fraction 
/ = (1 + 6)/(l + 12). One should recall that 7rE pairs can also be produced on neutrons but, in this case, the pair has negative 
charge, not leading to A(1405) excitation. The scintillator mass is M = 0.45M! + 0.55 M 2 , with Mi = 2.84 x 10 6 and 
M 2 = 5.47 x 10 6 g rams, to take into account that 45% of the v data were taken during the construction time, using a reduced 
fiducial volume [50!]. Finally, Na denotes the Avogadro number. 
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[GeV] 



0.8 1 1.2 1.4 1.6 1.8 2 

E* [GeV] 


FIG. 8. (color online). Integrated cross section for the v^p —> p + K°n reaction. The line styles have the same meanings as in Fig. [T] 


The event distributions for 7r°E°, tt~E + and 7t + E _ pairs and their sum, in the region of the A(1405) resonance, are shown 
in Fig. [9] At < 7 2 = 0, the largest invariant mass shown in Fig. [9] corresponds to a still moderate q° = 456 MeV, regardless of 
the antineutrino energy which can be high at MINERVA ((E p ) ~ 3.5 GeV). For negative values of q 2 , the largest q° can be 
larger, and even more so |g|. On the other hand, the cross section for these q 2 is suppressed by poorly known vector and axial 
form factors, which have been accounted here with the global form factor of Eq. [28] The uncertainty in the number of events at 
non-zero q 2 , accounted by a 10% error in Mp, is represented by the band in Fig. [9] By integrating the distributions in Fig. [9] 



FIG. 9. (color online). Invariant mass distribution of 7rE events, primarily produced at the MINERVA scintillator detector. The grey band 
corresponds to a 10% error in the form factor parameter Mp. 

one finds the following numbers of events: N„ o^o = 612+ii2> A^+e- = 517tg4°, = 838 ^ 53 . All in all, we predict 

about 2000 7 tE pairs coming predominantly from A(1405) decay. 

Modern neutrino experiments, including MINERVA, have detectors with nuclear targets. Nuclear effects, not considered in the 
present study, play an important role. It has been shown that strangeness can be abundantly produced in secondary collisions [[65 ]. 
The events predicted above correspond to A(1405) excitation in primary VN collisions but the actual signal will be different. The 
invariant mass of the outgoing 7tE gets distorted by final state interactions with other nucleons in the nucleus^; the composition 
of the final state can change because of pion absorption and other inelastic processes like n N —> KY, SA —»• N N K and 
others. In the same way, the A(1405) can be produced in secondary KN scattering. This dynamics requires a more detailed 
investigation to find specific indications of A(1405) production in P-nucleus collisions. Yet, as it happens in photonuclear 
reactions in nuclei, even if secondary collisions distort the resonance signal, there is still a sizeable fraction of events not 


2 These genuinely nuclear processes should not be confused with the unitarization mechanisms at the nucleon level that generate the A(1405) dynamically, as 
discussed above. 
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affected by them. These events mostly come from primary interactions taking place in the back of the nucleus with respect to 
the direction of the three-momentum transfer q in the Laboratory frame. Therefore, a signal from the primary collisions can be 
observed in these reactions. This is the case in A(1232) [66, 67] and u> 0 photoproduction. 


IV. CONCLUSIONS 


We have studied A(1405) production induced by antineutrinos, the first calculation of this sort. For this purpose we have 
combined elements of chiral perturbation theory in the presence of weak external fields with unitarization techniques in coupled 
channels. The A(1405), consisting actually of two states, is generated through the multiple scattering of meson-baryon coupled 
channels with a kernel provided by the chiral Lagrangians. It can only be observed in the 7rS final state, most cleanly in the 
7r°S° channel which has only I — 0. As in most reactions, the A(1405) appears as a single highly asymmetric peak in the 7rS 
invariant mass distribution. The line shapes at different angles between the incoming v and the outgoing lepton in the reaction 
CM frame indicate that the process at backward angles is dominated by a state with mass and width of around 1420 and 40 MeV, 
respectively. As the angle decreases, the lighter states becomes increasingly more important. 

The 7T + S _ and 7r“E + channels also contain an I = 1 amplitude, where a possible resonance might be present according 
to some studies. This amplitude is responsible for large differences in the shapes of the 7rE invariant mass distributions below 
the maximum for the three charge channels. Therefore, a combined study of 7r°E°, 7r + E“ and 7t _ E + production induced by 
antineutrinos could provide useful information about this hypothetical 1=1 state. 

We have also evaluated the integrated cross sections for D^p —> /x + 7rE as a function of the antineutrino energy. These are much 
larger than the corresponding tree level results due to the A(1405) excitation. We should note that the tree level is relatively 
more important for the KN final state because the latter is above the A(1405). In this case, unitarization does not cause an 
enhancement of the cross section. One rather observes a reduction in the K°n channel, which has the largest threshold. 

We have obtained that the number of events in which the A(1405) is excited in primary D^p collisions at the scintillator 
detector of the MINERVA experiment, in the antineutrino run, is of the order of 2000. It is large enough to conclude that 
A(1405) production has a sizable impact in the scattering dynamics leading to antineutrino detection, and should be taken into 
account in future evolutions of neutrino event generators. 

Several open questions in the physics of (anti)neutrino interactions with matter call for new measurements of (anti)neutrino 
cross sections on proton and hydrogen targets [57']. Such experiments with antineutrinos would also provide a more complete 
understanding of the A(1405) properties. 
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